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We study a Fabry-Perot avity formed from a ridge waveguide on a AlGaAs substrate. We
experimentally determined the propagation losses in the waveguide at 780 nm, the wavelength of
Rb atoms. We have also made a numerial and analytial estimate of the losses indued by the
presene of the gap whih would allow the interation of old atoms with the avity eld. We found
that the intrinsi nesse of the gapped avity an be on the order of F ∼ 30, whih, when one takes
into aount the losses due to mirror transmission, orresponds to a ooperativity parameter for our
system C ∼ 1.
PACS numbers: 03.75.Be, 32.80.Pj
Reent years have seen the suessful detetion of sin-
gle atoms on an atom hip using the interation of an
atom with a high nesse optial avity [1, 2, 3℄. These
experiments represent great strides forward in our abil-
ity to perform avity quantum eletrodynamis experi-
ments in the versatile and ompat environment of an
atom hip. For the purposes of atom detetion, a im-
portant gure of merit is the ooperativity parameter,
C = g2/κγ, where γ is the natural atomi half-linewidth,
κ is the avity half-linewidth and g is the atom oupling
to the avity, that is the Rabi frequeny orresponding
to a single photon in the avity. Roughly speaking, the
quantity C−1 orresponds to the mean number of spon-
taneously sattered photons neessary to detet a single
atom with a signal to noise of unity. The quantity C is
proportional to the square of the transition wavelength
and to the nesse of the avity, and inversely propor-
tional to the ross setional area of the avity mode. The
miniaturization of the optis for this type of experiment
is important, in part beause the small mode area an
lead to signiant ooperativity, even without a a large
nesse [4℄. The use of a low nesse, muh less sensitive
to external disturbanes, leads to a simpliation of the
experimental setup needed to stabilize the avity.
Other workers in this eld have already demonstrated
small avities with impressive nesse [1, 2, 3, 5, 6, 7℄.
However, these avities often employ optial elements
glued onto a traditional atom hip. In this paper we
disuss the possibility of building a miroavity based
on an optial waveguide integrated on a GaAs substrate.
Integrated optis has already been suessfully used to
implement photoni quantum gates [8℄. Combined with
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atom hip tehnology, it would allow us to diretly fab-
riate on the atom hip substrate both the mirowires
neessary to trap and manipulate old atoms and the op-
tial avity used to detet them. The atomi and optial
waveguide would be aligned using lithography tehniques
to the nanosale, whih would enable the parallel on-
strution of hundreds or thousands of suh avities on a
single hip. This feature promises to be of onsiderable
interest if quantum omputation using neutral atoms is
ever to beome a reality [9℄. The hoie of a semiondu-
tor waveguide would allow one to tune the avity reso-
nane without any mehanial adjustment, by hanging
the harge arrier density [10℄, making the setup very ro-
bust. In addition, with the use of GaAs one an envision
the integration on the substrate of ative elements suh
as the photodetetors and the laser soures involved in
the experiment.
A shemati diagram of suh a avity is shown in
Fig. 1.a. It is formed by a waveguide both ends of whih
are oated with a highly reeting oating. In the middle
of the waveguide, a gap allows the atoms to interat with
the eld of the avity. As already illustrated in Ref.[11℄,
long-range van der Waals-type interations between the
atom and the surfae impose a minimum width on this
gap, otherwise no atom trapping potential an exist in
the gap. In our ase, we plan to onne atoms magnet-
ially on an atom hip. The typial strength of suh a
trap imposes a width of 2 µm (see Fig. 1.b). We will
rst desribe the geometry of our optial waveguide, and
our measurement of the propagation losses. We will then
disuss the losses indued by the gap in the avity, and
nally give the estimate of the ooperativity that one
ould hope to attain with this system.
To limit the absorption of the optial waveguide at the
resonant wavelength of Rb, 780 nm, we use a AlGaAs
struture with a high onentration of Al [12, 13℄. The
rather large gap in the guide in turn imposes the size of
the waveguide: in order to avoid diration losses when
the light propagates in the gap, the waveguide itself must
2FIG. 1: a. A shemati diagram of the avity. b. Typi-
al trapping potential inside the gap, taking into aount the
magneti trap (the trapping frequeny for
87
Rb is ωtrap/2pi =
9 kHz) and the Casimir-Polder potential for gap of width
d = 2 µm.
be large. Referene [14℄ for example reahed the same
onlusion for a ylindrial waveguide. A ross setion
of the guide is shown Fig. 2.a. We rst deposit three
AlGaAs layers: AlxGa1−xAs/AlyGa1−yAs/AlxGa1−xAs
on a GaAs substrate using moleular beam epitaxy. The
Al onentrations, x = 79.5% and y = 77.5%, are hosen
so that the refrative index at λ = 780 nm of the middle
layer, ny = 3.155, is slightly higher than that of the top
and bottom layers, nx = 3.145. The light is thus onned
in the plane by total internal reetion. The two top
layers are then ethed away using SiCl4/O2 reative ion
ething (RIE) to reate the 4 µm × 4 µm ridge. Using
numerial simulation software (ALCOR) we an alulate
the prole of the eigenmode of the waveguide (Fig. 2.b),
and the mode area A = 9.9 µm2.
To haraterize the propagation losses in the waveg-
uide, we oat the ends of the waveguides with dieletri
mirrors, and measure the nesse of the resulting avity.
Eah mirror is a stak of 3 to 6 pairs of YF3/ZnS layers
eah with quarter wavelength optial thiknesses. The
theoretial reetivities of the mirrors are: R3 = 91.3%
and R6 = 99.4%.
The propagation loss measurement was performed in
two steps: we rst oated three samples leaved to three
dierent lengths (l1 = 260 µm, l2 = 650 µm and l3 =
1300 µm) with a 3 pair mirror on eah side, and measured
the nesse of eah avity. For eah length li, the nesse
of the avity is given by
Fi =
pi
√
R3e−αli
1−R3e−αli
(1)
where α haraterizes the propagation losses of the
waveguide. A t to the data allows us to estimate
Rexp3 = 89% (in good agreement with the theoretial
value) and α = 1.07± 0.06 m−1 (Fig. 3).
FIG. 2: a. Cross-setion of the AlGaAs waveguide showing
the ritial dimensions (in mirons). b. Numerial simulation
of the mode intensity prole at 780 nm.
FIG. 3: Best measured nesse as a funtion of avity length
for a 3-pair oating. We use the data to determine the atten-
uation oeient in the guide. (See text.)
To onrm this measurement, we deposited six
YF3/ZnS pairs on eah fae of a fourth sample with
length l4 = 330 µm. The theoretial value of R6 is muh
loser to unity than the propagation loss on a single trip
e−αl4 ≈ 96%, so that this time the avity nesse is limited
by the waveguide absorption. We measured a linewidth
of the resonane 2κ = 2pi ·1.4±0.1 GHz. Knowing the ef-
3FIG. 4: Transmission of the 330 µm avity oated with 6
pair mirrors (R6 = 99.4%). The width of the resonane is
2κ = 2pi · 1.4 GHz, with a free spetral range of 129 GHz,
orresponding to a nesse of Fintr = 92.
fetive refrative index of the waveguide n = 3.50± 0.04,
we an make another determination of the attenuation,
α = 1.03 ± 0.06 m−1. For a 330 µm avity, this orre-
sponds to an intrinsi nesse Fintr = 92 (Fig. 4). The
soure of the propagation loss ould be either sattering
by the surfae roughness of the waveguide or by inhomo-
geneities in the bulk, or an absorption proess within the
material. Our data do not distinguish these possibilities.
Of ourse, in suh a avity the eletri eld is onned
inside the semi-ondutor material. If we want to let the
atom interat with the eld, we need to open a gap in
the waveguide. The onstraint that the gap be at least
2 µm in width means that the gap ontributes additional
loss to the avity sine the light is not onned and will
dirat in propagating aross the gap. This type of eet
was disussed in the Ref. [14℄ for a ylindrial waveguide
ross setion with a gaussian beam prole. The authors
found a single pass loss of order 0.12 % for a 2 µm gap.
In our ase, the losses are more severe for two reasons.
First, the eigenmode of the waveguide is non gaussian and
dirats faster during the free-spae propagation than in
[14℄. Furthermore, its refrative index is muh larger than
the refrative index of a ber. The Fresnel reetions at
the gap interfae are higher, whih enhanes the eld
amplitude in the gap and therefore inreases the losses.
We have estimated the diration eet numerially as
desribed in the appendix, and found losses of order 7%
for a single pass. This limits the avity nesse to a value
of 40, negleting any other loss in the waveguide. If we
inlude the propagation loss in a 300 µm avity the nesse
is limited to 30.
For the purpose of maximizing the interation between
the atom and the eld in suh a avity, the real gure of
merit of the avity is not the nesse, but rather the oop-
erativity disussed in the introdution. To estimate this
quantity, it is neessary to take into aount the high in-
dex of refration of the guide whih renders the reetion
at the interfaes of the gap of order 27%. The air gap
therefore produes a low nesse Fabry-Perot avity of its
own. If the length of the gap is adjusted so that it or-
responds to an integer number of half-wavelengths, the
Fabry-Perot transmission is equal to unity (negleting the
losses inside the gap). However, the eld inside the gap
is enhaned by onstrutive interferene of the multiple
reetions at the gap interfaes. If the total length of the
avity is properly hosen, the amplitude of the eletri
eld inside the gap (and therefore seen by the atom) is a
fator of n larger than the eletri eld in the rest of the
avity [14℄, whih improves the ooperativity by a fator
n2 (∼ 10 in our ase) with respet to a free-spae Fabry
Perot avity of same nesse and mode area.
Finally, one an estimate the ooperatity of suh an
integrated avity. Knowing the mode area and the length
of the avity (L = 300 µm), we an alulate the oupling
fator g/2pi = 120 MHz. The intrinsi nesse of the
avity with gap is 30, whih orresponds to an intrinsi
loss rate 2κintr = 2pi · 4.8 GHz. The total avity loss κ
is the sum of the intrinsi loss and the loss due to the
transmission of the mirror κT . To optimize the single-
atom detetion signal to noise, one has to hoose κT =
κintr, leading to a total avity loss κ/2pi = 4.8 GHz.
Using the half width for the D2 line of rubidium γ/2pi =
3 MHz, we an expet a ooperativity C = g2/κγ ∼ 1.
We have desribed a new type of miro-avity that an
be integrated onto an atom hip substrate for diret de-
tetion of atoms trapped near the surfae. The avity
is based on an integrated waveguide grown on a GaAs
substrate. The propagation losses at 780 nm are small
enough to reah a nesse on the order of 100 for a 300 µm
avity, and ould be further redued by improving the
fabriation proess or optimizing the Al onentration in
the semiondutor. To let the atom interat with the av-
ity eld, we plan to open a gap in the middle of the avity.
The realization of the gap remains a tehnial hallenge,
but our theoretial estimate of the losses indued by the
presene of the gap shows that they remain low enough
to reah a ooperativity on the order of unity. Thus one
an envision the onstrution of ompletely integrated
devies where hundreds of atom waveguides and avities
are nano-fabriated in parallel on the same substrate.
The atom optis group is member of l'Institut Fran-
ilien de la Reherhe sur les Atomes Froids. This work
has been supported by the EU under grants MRTN-CT-
2003-505032, IP-CT-015714, and by the CNANO pro-
gram of the Ile de Frane.
APPENDIX A: NUMERICAL ESTIMATE OF
THE LOSSES IN THE GAP
The losses introdued by the presene of the gap of
width d are due to the fat that the mode inside the gap
is no longer onned and will dirat during its free spae
propagation from one interfae to the other, and some of
4the energy annot be reoupled bak into the seond half
of the avity. Sine we annot alulate the free-spae
propagation of the mode analytially, we had to perform
numerial simulations.
To estimate the diration losses, a rst approxima-
tion is to ompute the overlap Q between the mode after
a free-spae propagation over a distane d and the eigen-
mode of the waveguide. The avity loss rate is then the
energy ow inside the gap (alulated as if the oupled-
avity system were lossless) multiplied by (1− |Q|2), the
fration of the energy that is not oupled bak into the
waveguide after a single trip aross the gap [14℄. How-
ever, this approximation holds only as long as the am-
plitude of the light reeted at the air/guide interfae
is small. Otherwise, while the light bounes bak and
forth aross the gap, its transverse prole keeps expand-
ing, and the overlap with the eigenmode of the waveguide
gets smaller. The fration of the energy not oupled bak
into the avity thus beomes larger than (1− |Q|2).
In our ase, beause of the high refrative index of
the waveguide material, the Fresnel reetion at eah
interfae is not negligible. Therefore, to estimate the
diration losses, we have to simulate numerially the
losses indued by the gap taking into aount the mul-
tiple reetions. First we onsider the transmission and
reetion of a simple gap of length d. The reetion and
transmission oeients have been alulated with a 3D
fully-vetorial aperiodi-Fourier modal method [15℄. We
alulate the eigenmode of the optial waveguide, and
then ompute the propagation of this mode in a wave-
guide - air - waveguide stak. We denote by R and T
the intensity reetion and transmission oeients. We
observe that they exhibit osillations as the length d in-
reases, orresponding to the Fabry Perot interferenes
between the two reetions on eah side of the gap. The
fration of the energy that is lost in the gap is given
by 1 − R − T . This fration inreases as the length of
the gap inreases, exihibiting periodi maxima when the
length of the gap orresponds to a integer number of half-
wavelengths. Qualitatively, this behavior is easily under-
stood, sine the diration loss is proportional to the
intensity of the eld in the gap, and is therefore maximal
when the interferenes in the gap are onstrutive, that
is when the small avity formed by the gap is resonant
with the optial eld [7℄. Our goal however, is to ou-
ple the atoms to the eletromagneti eld of the optial
waveguide, and therefore we hoose to maximize the eld
inside the gap in spite of the inreased loss.
To understand the behavior of the losses in the avity
a little more quantitatively, we developed a simple semi-
analytial model for the eld in the gap. We onsider
the mode inside the avity as the superposition of E+p
and E−p , the elds orresponding to the 2p
th
(propagat-
ing from left to right) and 2p + 1th (propagating from
right to left) reetions respetively at the gap interfaes
(see Fig 5.a). The amplitude of E+p (E
−
p ) an be ex-
pressed as a funtion of the inident eld amplitude Ei
as tr2pEi ( tr
2p+1Ei), where r and t are the reetion and
FIG. 5: a. Diagram of the waveguide - gap - waveguide stak
used for the numerial simulation and analyti model. The
E±p elds orrespond to the suessive reetions of the ini-
dent eld Ei through the gap. Sine the mode is not onned
in the gap, it dirats further and further while bouning bak
and forth on the gap interfaes. b. Energy loss in the gap,
dened as 1− (R+ T ), as a funtion of the gap width d. The
squares show the results of the numerial simulation and the
solid line is the analytial model.
transmission oeient of the light amplitude at a single
waveguide/air interfae. In rst approximation, we use
the bulk Fresnel oeients for r and t.
The eld Et transmitted through the gap is therefore
the sum of the transmission of all the E+p omponents of
the eld
Et = t
∑
p
Q+p tr
2pEi. (A1)
The fator Q+p takes into aount the fat that, due to
diration, the mode prole of the eld after the mul-
tiple reetions inside the gap does not exatly math
the eigenmode of the waveguide, and some of the light
annot be oupled bak into the right part avity. To
estimate Q+p , we ompute the free-spae propagation of
the waveguide eigenmode E0, and assume that the trans-
verse prole of E+p at the right gap interfae is the same
as the transverse prole of the waveguide mode E0 after
propagating a distane (2p+ 1)d in free spae.
In a similar way, one an write the eld reeted by the
gap as the sum of the light diretly reeted by the waveg-
uide/air interfae −rEi and the mode-mathed part of
E−p that is transmitted bak into the left part of the
5waveguide.
Er = −rEi + t
∑
p
Q−p tr
2p+1Ei. (A2)
Again, we estimate the fator Q−p by omputing the over-
lap between the eigenmode of the waveguide E0 and the
prole of E0 after a free-spae propagation of 2(p+ 1)d.
The theoretial reetion and transmission oeients
for the intensity are given by R = |Er/Ei|
2
and T =
|Et/Ei|
2
. We an then ompare the loss 1−R−T with the
numerial simulations, and nd an exellent agreement
(Fig. 5.b).
Finally, to estimate the ontribution to the nesse due
to the losses in the gap, we need to alulate the ampli-
tude attenuation fator rrt of the light during a round
trip inside the avity. Therefore we numerially ompute
the amplitude of the light reeted bak by the ensemble
onsisting of the optial waveguide on the left in Fig. 5.a,
a gap of length d = 1.96 µm (5 half wavelengths at 780
nm), and a seond optial waveguide (on the right) ter-
minated with a 100% reetor. Depending on the length
L between the gap and the perfet mirror, the multiple
reetions inside the gap of the light oming from the left
waveguide interfere onstrutively or destrutively with
the multiple reetions of the light oming bak from the
right waveguide. The loss indued by the gap is maximal
when the interferene is onstrutive (rrt = 0.93), but
the amplitude of the eletromagneti eld in the gap is
enhaned by a fator n [14℄. If the interferene is destru-
tive, the loss is redued (rrt > 0.99) but the oupling to
the atoms in the gap is also smaller. In this paper we
onsider the ase of onstrutive interferene to gain the
n2 fator on the ooperativity, but a more detailed anal-
ysis of how this might be improved by hanging various
parameters will be published elsewhere.
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